Rad54 protein is a key player of the homologous recombination pathway, required for deposition and stabilisation of Rad51 foci at double strand breaks. Its role at the meiotic prophase, when double strand breaks are physiologically introduced to allow recombination, is well described. However, the hypothesis that Rad54 deficiency affect chromosome integrity of germ cells in unirradiated and irradiated animals has not been tested yet. In this study, the occurrence of spontaneous and X-ray-induced chromosome aberrations was assessed by analysis of spermatocyte MI spreads or by application of micronucleus assay in early spermatids isolated from wild type and Rad54/ Rad54B knockout (KO) mice. In Rad54/Rad54B KO mice, the spontaneous chromosome aberration frequency detected at MI was >10-fold higher than in wild type animals. In addition, after exposure to 1 Gy X-rays at the radiosensitive stage of diplotene, an enhanced response to radiation was observed in Rad54-deficient animals, corresponding to a 2-3 sensitivity factor in comparison to wild type mice. Also the spontaneous frequency of micronucleated round spermatids was on the average 10-fold higher in KO than in wild type mice, indicating that Rad54/Rad54B KO spermatocytes carrying chromosome aberrations are able to pass through the meiotic divisions and to continue the spermatogenesis process. Our results provide the first evidence of the role of Rad54/Rad54B in the maintenance of a stable karyotype during male meiosis, and suggest that Rad54/Rad54B deficiency may impact on the DNA integrity of developing mouse gametes.
Introduction
The ATPase Rad54 protein is a SWI2/SNF2 family member and a key player of the homologous recombination (HR) pathway, requested for deposition and stabilisation of Rad51 foci at double strand breaks (DSBs) (1, 2) . Then, Rad54 participates to chromatin remodelling and at the end of the HR process promotes dissociation of Rad51 (1, (3) (4) (5) . In somatic cells, it has been proven that upon DNA damage, and irrespectively of the cell cycle stage when damage is introduced, Rad54 is activated by phosphorylation in G 2 (6) . Two Rad54 paralog genes are known in yeast (Rad54, Rdh54 (7, 8) ) and in mammals (Rad54, Rad54B (9) ), but Rdh54 and Rad54B are not considered functionally equivalent (1, 2, 10) .
In mammalian cells, both Rad54 and Rad54B interact with Rad51, however their role is not overlapping. For example, in meiotic cells only Rad54 is responsible for Rad51 distribution at DSBs that are physiologically introduced to achieve recombination (9) . Rad54 interacts also with Mus81/Eme1 endonuclease (11) , while Rad54B interacts with the meiotic protein DMC1 (12, 13) . In mouse embryonic stem (ES) cells, the involvement of Rad54B in homologous recombination was revealed only in absence of Rad54: indeed, when Rad54 was functional, the absence of Rad54B had hardly any effect on the efficiency of homologous gene targeting (which was reduced by 3-fold in Rad54 −/− cells). Instead, when both Rad54 and Rad54B were knocked out, the almost complete abrogation of targeted homologous recombination was obtained (9) . Similar to Rad54, Rad54B was demonstrated to be involved in counteracting the lethal effects of ionising radiation and chemicals (9) . Rad54B appeared to be especially involved in the response to DNA crosslinking agents, when it seemed to act synergistically with Rad54 [see below (9) ], although its specific role has never been characterised (1, 2) . Recently, novel roles are emerging for RAD54B in cancer cells, where this protein participates to checkpoint regulation and chromosome instability (CIN) (14) ; in addition, RAD54B somatic mutations, causing both overexpression or loss of function, were reported in different types of cancer, thus suggesting a possible causative role of this protein during cancer progression (14) .
Rad54
, as well as Rad54/Rad54B double knockout (KO) mice, are viable and fertile (9, 15, 16) . They are not affected by embryonic or neonatal lethality, and no abnormal phenotypes have been reported in adult mice (9, 15, 16) . However, mild reproductive effects have been detected in Rad54 −/− mice. In particular, spermatogonia are less represented in adult testis (16) and genetic recombination may be less efficient (9) . In addition, at meiotic prophase-I an abnormal distribution of Rad51 is reported in late pachytene and diplotene for single and double mutant mice (9) . However, in comparison to wild type animals no increase of apoptosis is observed during spermatogenesis, and the number of MLH1 foci on meiotic chromosomes is unchanged (9) . On the whole, deficiency of Rad54/ Rad54B is not associated to a major impairment of mouse gametogenesis (9, 15, 16) . This marks a difference with the yeast, where double mutants lacking both Rad54 and Rdh54 do not produce viable spores at meiosis (7) . Rad54 −/− mice are hypersensitive to the killing effect of ionising radiation at the embryonic stage but not at the adult one, possibly because the genetic defect may be rescued in the presence of a functional NHEJ pathway (17) . Additional studies support an hypersensitivity of Rad54 deficient mice to pre-natal ionising radiation exposure: after in utero irradiation of E13.5 embryos with 2 Gy gamma rays, the few surviving mice displayed several defects including massive germ cell deficiency in comparison with WT animals (16) . Rad 54 −/− mice developed from embryos irradiated with 0.5 Gy gamma rays displayed severe infertility in the adulthood, while the same dose did not have effects on wild type embryos (16) . Regarding the double mutant phenotype, Rad54 −/− /Rad54B −/− ES cells are 2-to 3-fold more sensitive to ionising radiation than wild type cells; the single mutants Rad54 −/− and Rad54B −/− are 2-to 3-fold and 1.5-fold more sensitive than wild type ES cells, respectively, suggesting that both genes contribute to protect ES cells from irradiation, although Rad54 probably has a greater role (9) .
In contrast with the differential pattern of sensitivity recorded for ionising radiation in embryonic or adults stages, the crosslinking agent mitomycin C dramatically reduces both embryo and animal survival after administration of a single dose of 7.5 mg per kg of body weight in single mutants (17) ; similarly, double mutant ES cells as well as double mutant mice are both hypersensitive to mitomycin C (9). Interestingly, survival of double mutants is strongly reduced in comparison to the effect observed in each of the two single mutants, and this suggests that Rad54 and Rad54B may act synergistically to contrast the deleterious effects of mitomycin C (9) .
At late pachytene, diplotene and round spermatids of unirradiated Rad54/Rad54B KO mice, γ-H2AX foci, well established hallmarks of DNA-damage response activation after DSB formation (18) , were detected at higher frequencies than in wild type animals (19) . In addition, the same study reported that a differential resolution of DSBs occurs in Rad54/Rad54B deficient mice exposed to ionising radiation at the meiotic prophase (19) .
These results provide evidence of an impact of Rad54/Rad54B deficiency on the DNA integrity of developing mouse gametes. However, although it is known that chromosome aberrations represent the final outcome of unrepaired or misrepaired DSBs (20) , the hypothesis that Rad54/Rad54B deficiency affect chromosome structural integrity of germ cells in unirradiated and irradiated animals has not been tested yet. Aim of this study is to provide the missing information concerning the meiotic consequences of Rad54/ Rad54B deficiency. To reach this goal, the occurrence of spontaneous and X-ray-induced chromosome aberrations was assessed by analysis of spermatocyte MI spreads or by application of micronucleus assay in early spermatids isolated from wild type and Rad54/ Rad54B KO mice. Our results provide the first evidence of the role of Rad54/Rad54B in the maintenance of a stable karyotype during male meiosis.
Materials and methods

Animals
In all experiments, 3-to 5-month old male mice were used. Rad54/ Rad54B KO mice and their wild type control, B6.129 mice, were produced at the ENEA animal house from breeders originally donated by Prof P. de Boer (Department of Obstetrics and Gynaecology, Radboud University, Nijmegen, The Netherlands). They were maintained under 12-h dark-light cycle, 21°C temperature and 55% relative humidity, with pelleted food and water ad libitum. The genotype of KO mice has been verified by polymerase chain reaction at the beginning and the conclusion of the study, according to a published amplification protocol (21) 
Irradiation
Mice were irradiated with a Gilardoni CHF 320 G X-ray generator (Gilardoni, Italy) operating at 15 mA, 250 kV and received a single dose of 1 Gy (dose rate: 0.96 Gy/min). Mice were sacrificed at different times after irradiation, according to the experimental design. Unirradiated mice were used as matched controls.
Chromosome aberration analysis in MI spermatocytes
Slides for the microscopic analysis of chromosome aberrations in metaphases of primary spermatocytes were prepared according to standard techniques (22) from eight Rad54/Rad54B double KO mice and eight wild type, B6.129 mice. One half of the mice from each genotype was irradiated and sacrificed 24 h later together with an equal number of unirradiated matched controls. Slides were stained with lacto-acetic orcein. One hundred metaphase/animals were scored for the presence of aberrations, which were classified as chromatid-type, chromosome-type (isochromatid), breaks or exchanges.
Spermatid MN assay
Germ cell preparations were obtained following a standard protocol (22) . In brief, seminiferous tubules were mildly digested by collagenase, germ cells were released in PBS and stratified onto 30% Percoll (Sigma-Aldrich). After several washes, the cell suspension was cytocentrifuged (Shandon III; 800 rpm, 3 min). After checking for quality of preparations, slides were dipped in absolute cold ethanol, and stored in the same solution at −20°C. Preparations were mounted in DAPI (2 µg/ml) dissolved in Vectashield (Vector) or subjected to Primed In Situ DNA Synthesis (PRINS) to distinguish micronuclei carrying or not centromeric sequences. Slides used for PRINS were post-fixed in 3:1 ethanol/acetic acid solution on ice, digested with 5 μg/ml Pepsin in 0.01 M HCl, pH3.0 (10 min, 37°C), dehydrated in 70%, 90% and 100% ethanol. PRINS was carried out as described elsewhere (22, 23) .
Slides were analysed under a motorised fluorescence microscope (Zeiss Axio Imager.M1) equipped with a monochromatic CCD camera (Photometrix, Coolsnap HQ2). Analyses were carried out under a 100X oil immersion objective (N.A. = 1.30). To calculate the frequency of meiotic MN, at least 2000 round spermatids were counted per animal.
γ-H2AX immunostaining on testicular sections
For each genotype, four unirradiated mice and four mice sacrificed 1, 2 or 6 h after irradiation were used. Immunodetection of γ-H2AX was performed as already described (24) . Briefly, paraffinembedded sections of testes were obtained after fixation in 4% phosphate-buffered formaldehyde for 24 h. Rehydrated sections were processed according to instructions provided by the supplier (Kit Zymed; Invitrogen). Histological preparations were pre-treated with Peroxidase Quenching Solution (3% hydrogen peroxide in methanol), then incubated 1 h at room temperature with mouse anti-phospho-H2AX monoclonal antibody (Upstate Biotechnology) diluted 1:200 in PBS. After washing, slides were incubated for 15 min with peroxidase-conjugated secondary antibody (Kit Zymed; Invitrogen). Finally, chromogen substrate was revealed and sections were counterstained with haematoxylin. Slides from negative controls were included to be processed by omitting incubation with anti-phospho-H2AX antibody.
Slides were examined under light microscopy (Axiophot, Zeiss). Sections were inspected using a 63X lens. Two spermatogenetic stages were distinguished depending on their position with respect to the lumen, the morphology and the presence/absence of γ-H2AX positive XY body, corresponding to pachytene/diplotene spermatocytes and round spermatids. Nuclei were classified in three classes: without foci, with 1-4 foci, with >4 foci. For each spermatogenetic stage, 150 nuclei/mouse were scored. Tubules were also classified according to the presence of a characteristic staining pattern of the peripheral layer, with marked uniform staining of the majority of cells. This pattern reflects the presence of numerous DSBs introduced by Spo11 in leptotene cells to initiate recombination (25) (26) (27) . Fifty tubule sections per mouse were scored to calculate the percentage of tubules with γ-H2AX-positive peripheral layer.
Statistical analyses
Individual data have been used to carry out statistical analyses among experimental groups. In particular, chromosome aberrations were compared by the Student's t-test for the difference between averages. For the spermatid MN assay a global comparison among the different experimental conditions tested (genotypes, irradiation exposure) has been performed by the analysis of variance (ANOVA).
As an alternative form of comparison, the statistical significance of differences between proportions of chromosome aberrations or spermatids carrying MN was evaluated by chi-square analysis (pooled data from each experimental group).
Results
In MI spermatocytes, a higher frequency of chromosome aberrations is observed in Rad54/ Rad54B KO than in wild type mice MI primary spermatocytes of Rad54/Rad54B KO and B6.129 mice were analysed to verify the frequency of chromosome aberrations (CAs) arising spontaneously in each strain. In Rad54/Rad54B-deficient animals, CAs were 10 times more frequent than in wild type mice (Table 1) . Both chromatid-and chromosome-type aberrations were found in double mutant mice, including 10% of chromatid exchanges ( Table 1 ). All of the few spontaneous CAs detected at MI in wild type mice were breaks ( Table 1) .
Groups of Rad54/Rad54B KO and B6.129 male mice were exposed to 1 Gy X-rays 24 h before sacrifice; by applying this time schedule, cells collected at MI were at the stage of diplotene at the moment of irradiation (28) . For both genotypes, a statistical increase of the frequency of structural aberrations was found in irradiated versus non-irradiated mice (Table 1) , in agreement with literature data (29, 30) . Aberration types recorded for the two genotypes had overlapping profiles: the major effect was the increase of chromatid-type aberrations, however a fraction of induced aberrations corresponded to chromosome breaks or exchanges (Table 1) . In consideration of the great difference detected between the spontaneous CA frequency at MI in Rad54/Rad54B KO and in B6.129 wild type mice, before comparing the response of these animals to radiation exposure the following correction of individual CAs data Irradiated mice were exposed 24 h before sacrifice, in order to treat diplotene cells. a P < 0.001 when compared to the group of non-irradiated wild type mice (chi-square analysis). b P < 0.001 when compared to the group of non-irradiated wild type mice (Student's t-test).
c P < 0.001 when compared to the group of non-irradiated mice of same genotype (chi-square analysis). d P < 0.001 when compared to the group of non-irradiated mice of same genotype (Student's t-test).
was introduced: assuming that the average number of CAs observed in the untreated group of mice should correspond to the expected baseline frequency of CAs, per each irradiated animal of each genotype the fraction of induced CAs was calculated by subtracting the above value from the individual number of aberrations recorded after X-irradiation. After this correction, it appeared that irradiation-induced CAs were 2-3 times higher in Rad54/Rad54B KO than in wild type mice (P < 0.001). Figure 1 displays examples of MI metaphases carrying chromosome abnormalities.
Chromosome breaks arising at the meiotic prophase of Rad54/Rad54B KO mice are transmissible to post-meiotic cells
Spontaneous and radiation-induced frequencies of MN were recorded in early (round) spermatids isolated from Rad54/Rad54B KO and B6.129 wild type mice. Double mutant mice were characterised by a higher spontaneous proportion of micronucleated round spermatids (MN SPD) than B6.129 wild type mice (Table 2 and Figure 2 ). Individual data ranged in a wide interval, a typical outcome of the SPD MN assay (22, 31) . Remarkably, the same 10-fold difference detected between the two genotypes for spontaneous MI CAs, was observed for spontaneous MN frequencies.
To monitor the fate of X-ray-induced chromosome breaks along the meiotic divisions, groups of Rad54/Rad54B KO and B6.129 wild type mice were irradiated with 1 Gy and sacrificed 3 days later, the time interval necessary for analysing round spermatids exposed during the diplotene stage (22, 28) . No induced effects were detectable under these conditions, both for double KO and for wild type mice (Table 2 and Figure 2 A) . The ANOVA returned a global heterogeneity among the four experimental groups (P < 0.01), which can be attributed to statistically significant differences between the spontaneous MN frequencies of Rad54/Rad54B KO and B6.129 wild type mice, and between the MN frequencies detected in irradiated Rad54/Rad54B KO animals and irradiated B6.129 mice [ Figure 2 A, LSD (Fisher's least significant difference)]. Statistical comparisons of the pooled MN data from each experimental group of animals, carried out by chi-square analysis of proportions, confirmed the conclusions of ANOVA analysis: SPD MN frequencies were significantly higher in Rad54/Rad54B-deficient than in wild type mice, either when comparing non-irradiated mice (P < 0.001) or irradiated ones (P < 0.001), while no differences were detected between irradiated and non-irradiated mice for each mouse strain.
Because MN may contain either chromosome acentric fragments or missegregating whole chromosomes, we checked their origin by applying the PRINS method (22, 32) . In samples from Rad54/ Rad54B KO mice, MN lacking the centromeric sequences (C−) and corresponding to chromosome fragments were prevalent over those carrying the centromeric (minor satellite) DNA (C+) ( Figure 2B ). In contrast, equal proportions of C− and C+ MN were detected in samples from B6.129 mice ( Figure 2B ). The observed patterns agree with the expectations, in light of the high level of structural chromosome aberrations present at MI in both untreated and irradiated Rad54/ Rad54B KO mice. 
Patterns of H2AX phosphorylation in testicular cells of Rad54/Rad54B-deficient mice
To follow-up in our experimental system a well-known feature of Rad54/Rad54B-deficient mice response to endogenous or exogenous DNA damage (19), we verified the presence of H2AX phosphorylation in testicular cells of Rad54/Rad54B KO and B6.129 wild type mice. To this aim, we immunostained seminiferous tubule sections obtained from untreated animals or at different times (1, 2, 6 h) after 1 Gy X irradiation (Table 3 and Figure 3 ). As expected, non-irradiated samples displayed strong positive signals in pachytene cells (Figure 3 D) , corresponding to the XY body (33, 34) . Following X-ray irradiation, overlapping temporal patterns of formation and removal of γ-H2AX foci were found for Rad54/Rad54B KO and B6.129 wild type, with a statistically significant peak of Irradiated mice were exposed 72 h before sacrifice, in order to treat diplotene cells. a P < 0.001 when compared to the group of non-irradiated B6.129 wild type mice (chi-square analysis).
b P < 0.01 Fisher's least significant difference after ANOVA among the four experimental groups. c P < 0.001 when compared to the group of irradiated B6.129 wild type mice (chi-square analysis). response 1-2 h after treatment. In pachytene/diplotene spermatocytes, the increase of positive cells was fast and massive (Table 3 and Figure 3 A). Temporal trends describing the number of cells with >4 foci (a category which is not detectable in non-irradiated mice, Table 3 ) suggested that resolution of γ-H2AX foci is active between 2 and 6 h from the irradiation in these cells (Figure 3 A) . However, removal of foci was not complete since, 6 h after irradiation, the percentages of cells with 1-4 foci were still 10 times higher than in control mice (Table 3) , confirming a slow resolution kinetics of H2AX phosphorylation in these cells; again, no differences were found between Rad54/Rad54B KO and B6.129 wild type mice. Comparable results were also found concerning the response of round spermatids (Table 3 and 
Discussion
Rad54 and Rad54B are key proteins for the occurrence of meiotic HR and DSB repair (1,2). Rad54/Rad54B KO mouse embryos are highly sensitive to ionising radiation, the primordial germ cell development being strongly affected (16) . In this study, we aimed to evaluate the impact of Rad54/Rad54B deficiency on the integrity of the chromosome structure at meiosis and on the induction of chromosomal damage after X-ray irradiation of diplotene spermatocytes. The spontaneous chromosome aberration frequency detected at MI was >10-fold higher in Rad54/Rad54B deficient mice than in wild type animals ( Table 1 ). In strict agreement with the analyses done at MI, also the spontaneous frequency of micronucleated round spermatids was on the average 10-fold higher in Rad54/Rad54B KO than in wild type mice (Table 2 ). These findings indicate that Rad54/Rad54B KO spermatocytes carrying CAs are able to pass through the meiotic divisions and to continue the spermatogenesis process. In addition to the effects of Rad54/54B deficiency on the spontaneous events of chromosome breakages, an enhanced response to radiation was observed in Rad54/Rad54B KO animals, corresponding to a 2-3 sensitivity factor in comparison to wild type mice, when they were exposed to X-rays (1 Gy) at the radiosensitive stage of diplotene (29, 30) .
A number of articles have been published concerning the induction of CAs in male meiotic prophase of X-or γ-irradiated mice, and most of them refer to the analysis of metaphase I chromosome spreads (29, 30, (35) (36) (37) . These data are milestones in the field of germ cell mutagenesis, even though they are rather variable, due to intrinsic difficulties in the interpretation of the chromosome morphology at metaphase I (22, 36) . Diplotene has been identified as a highly sensitive stage of meiotic prophase for radiation-induced CAs (29, 30) . Remarkably, at least part of the damage introduced by ionising radiation may reach the fertilisation stage, as in zygotes from irradiated males the presence of chromosome aberrations remains significantly higher than in the control group also when considering late irradiation time intervals, corresponding to the response of spermatogonia and spermatocytes (38, 39) .
MI analyses performed in this study in preparations from wild type B6.129 mice gave strictly concordant results with those obtained by Matsuda and Tobari (29) , using same exposure conditions (1 Gy X-rays). Respectively: 13% chromatid breaks and 2.5% chromatid exchanges (present study); 12% chromatid breaks and 5% chromatid exchanges (29) . Again in strict agreement with Matsuda and Tobari (29), we recorded a large proportion (~30%) of chromosome-type aberrations, which should be unexpected considering that prophase spermatocytes are in a post-replicative stage (20) . However, as remarked by Matsuda and Tobari (29) , the peculiar conformation of prophase chromosomes could make it possible for single tracks of sparsely ionising radiation to interact with the tightly associated sister chromatids, and/or it could prevent the correct identification of two independent lesions introduced close apart.
It is well-known that CAs are the ultimate manifestation of the attempts by which cells may survive DSBs (20) . The two major pathways responsible for DSB repair, the canonical non-homologus end-joining (NHEJ) and the HR are differently active along the cell cycle and among cell types, and they also present different efficiency and accuracy (40, 41) . More importantly, the DSB repair pathway is differentially regulated in the germ cell line, where at the meiotic prophase the introduction of an elevated number of DSBs is programmed to start the process of crossing-over (42) (43) (44) . In agreement, NHEJ is silenced during the meiotic prophase; in particular, it has been proven that Ku70 is downregulated in early spermatocytes (45) , so that HR is the only active pathway to repair both endogenous and exogenous DSBs at these stages. On the other hand, several NHEJ proteins are detectable from mid-pachytene (27, 46, 47) , suggesting that both NHEJ and HR might be involved in DSB repair from this stage onward. In addition, according to experiments with mice carrying specific deficiencies in NHEJ or HR repair pathways, the possibility of reciprocal compensation for each genetic defect has been suggested (19, 46) .
The enhanced production of chromosome aberrations following irradiation exposure of diplotene spermatocytes of Rad54/Rad54B KO mice, in comparison to wild type B6.129 animals, could represent the consequence of radiation-induced DSB repair through the fast but inaccurate modality of NHEJ, remaining the only one (or the prevailing one) available mechanism in the presence of the genetic defect in HR repair (Figure 4) . Interestingly, the role of NHEJ in the formation of CAs in late meiotic prophase was demonstrated in a study carried out with SCID mice (a strain mutated in a DNA-PK catalytic subunit thus showing a defective NHEJ) where sensitivity factors of 1.2 and 1.5 were found by chromosome analysis at MI after diplotene irradiation with 1.5 or 3 Gy X-rays, respectively (48) .
Among the aberrations scored in irradiated spermatocytes of Rad54/Rad54B KO mice, exchanges were less prevalent than in wild type mice (12% vs. 18%). This observation could suggest that HR repair, although more accurate than NHEJ, may favour exchangetype aberrations through a mechanism of non-allelic homologous recombination (NAHR) between non-homologous chromosomes (49) . On the whole, these observations suggest a role of Rad54 proteins in DSB repair mediated by HR in meiotic bivalents.
By application of the SPD MN assay we were able to monitor the fate of spermatocytes carrying CAs, and to verify that these cells may pass through the meiotic divisions. By this independent approach, we confirmed that the lack of RAD54/RAD54B gene products determined a significant increase of spontaneous chromosome aberrations in male germ cells. In contrast to the evidence of a hypersensitive response of Rad54/Rad54B-deficient mice obtained by CA analysis at MI, a same effect was undetectable by the SPD MN assay after radiation exposure of the same meiotic stage (diplotene). Literature data concerning the effects of ionising radiation at meiosis by the SPD MN assay are rather limited. Only Lähdetie and Parvinen (50) performed a complete set of experiments in the rat, indicating a linear response with increasing dose. These authors, by application of the so called microdissection method allowing to isolate a quite homogeneous section of the developing testicular epithelium, reported a peak of response after irradiation of diakinesis-metaphase I followed by a sharp decrease at diplotene (50) . Two additional studies in the mouse provided data concerning the induction of meiotic MN after X-ray irradiation of preleptotene (51, 52) or leptotene-zygotene (51) only. When interpreting the results of a MN SPD assay, it is important to keep in mind that early spermatids are generated by two subsequent cell divisions, so that four spermatids derive from the spermatocyte carrying the chromosome damage. This implies a strong dilution factor for chromosome breaks formed during the meiotic prophase, and indeed the frequencies of meiotic MN may be 4-to 8-fold lower than those estimated in somatic cells after comparable conditions of exposure (22, 31) . In addition, when the mouse SPD assay is performed with spermatids isolated from the testicular suspension, as in our case, the individual variation of spontaneous MN frequencies may be higher than with the rat microdissection test (22) . Thus, our irradiation experiments may have been affected both by the limited sensitivity of the mouse SPD MN assay, and by the very small increase of MN SPD expected for 1 Gy exposure in wild type mice (50) (51) (52) . Conversely, the possibility of radiation-induced delay or selection of irradiated cells, events which could affect the MN assay results, is less likely in the light of the classical and detailed data provided by Oakberg and DiMinno, who showed only a minor effect of 1 Gy of irradiation on the progression of mouse diplotene cells to post-meiotic stages (53) .
Together with cytogenetic analyses, we monitored the incidence and resolution kinetics of γ-H2AX foci in pachytene/diplotene spermatocytes and early spermatids of Rad54/Rad54B-deficient and proficient mice, to evaluate the impact of homologous recombination defects on the repair of endogenous or exogenous DNA breaks in male germ cells. Our results confirmed former observations of our and other laboratories on a slower resolution kinetics of γ-H2AX foci in male germ than in somatic cells (19, 24, 27, 46, 47, (54) (55) (56) . We also observed that after irradiation the frequency of tubules showing Figure 4 . Left: during the meiotic prophase Ku70 is not expressed until late pachytene/diplotene, while Rad51 is available. Therefore, spontaneous DSBs occurring along the prophase I are most likely repaired by HR, resulting in a low level of chromosomal aberrations at metaphase I. When HR is impaired as in Rad54/Rad54B KO mice, a higher frequency of spontaneous chomosome aberrations is observed, as a consequence of prevalent misrepairing of DSBs by NHEJ. Right: Radiation exposure at diplotene introduces a high number of DSBs and both NHEJ and HR would be available to repair them, leading to increased frequency of chromosome aberrations at metaphase I. In Rad54/Rad54B KO mice HR is impaired, and under conditions of increased DSBs NHEJ takes over leading to massive misrepair and an enhanced frequency of radiation-induced chromosome aberrations. a strong labelling of leptotene/zygotene peripheral cells was doubled: this is a novel finding, possibly associated to a radiation-induced progression delay of early meiotic cells, increasing the probability of observation of such a labelling pattern. No differences were found between Rad54/Rad54B-deficient and proficient mice in the spontaneous and radiation-induced level of γ-H2AX foci, or in their resolution kinetics. Previous studies reported higher spontaneous incidence of γ-H2AX foci in spermatocytes and round spermatids of Rad54/Rad54B-deficient than of wild type animals (19) . The same study showed that the resolution kinetics of radiation-induced foci was slowed down in early pachytene, but not in late pachytene/early diplotene spermatocytes and round spermatids of KO mice (19) , suggesting that the weight of homologous recombination repair of exogenously induced breaks varies during spermatogenesis. Differences in the analytical approach and in the specificity of analysed stages may account for these different results. Nevertheless, our study shows that irrespectively of an effect on the kinetics of DNA break repair, deficiency of Rad54 proteins may have a strong impact downstream of H2AX (de)phosphorylation on the fidelity of repair.
Although Rad54 and Rad54B are key components of HR (1,2), their deficiency had not been shown so far to affect spermatogenesis in terms of sperm count, testicular weight (9, 16) , testicular apoptosis (9), or fertility (9, 15, 16) , and only an impact had been observed on the spontaneous and radiation induced γ-H2AX foci in some spermatogenic stages (19) . With the present results, we demonstrated that one major consequence of the lack of proper Rad54 function is the strong increase of CAs, part of which pass through the meiotic divisions and may contribute to the formation of unbalanced gametes. Further studies could be conducted to ascertain the possible consequences of Rad54 deficiency on the offspring of KO male mice.
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